The zirconia-alumina nanocatalyst was prepared using microwave combustion method, and the effects of alumina/zirconia ratio, fuel-to-oxidizer ratio, and calcination temperature on its structural and chemical performance were examined. Furthermore, the most suitable synthesized nanocatalyst was impregnated using different dosages of sulfate group to improve the activity of the sample for the esterification reaction. The results revealed that there was a significant improvement in the crystalline structure of alumina and zirconia for the samples having the alumina/zirconia ratio of 2. It was also noted that some amorphous structures were observed for low fuel dosages, while the activity of the sample was reduced with higher fuel consumption than the stoichiometric ratio, which can be attributed to the increase in the crystallite size and formation of different alumina phases. Based on calcination results, non-considerable changes were observed in the morphology and activity of the catalyst. It can be concluded that the solution combustion method is suitable for nanocatalyst preparation without any requirement of further thermal treatment. In addition, the activity of the sample was enhanced by impregnation with H 2 SO 4 where the conversion of 91.6% was achieved. The catalyst showed high reusability at least for seven times as well as high stability of zirconia-alumina as a support.
Introduction
In the past decade, scientists have searched for an alternative to fossil fuels due to their environmental impacts, limited resources, and considerable increase in price. Biodiesel fuel is one of these alternative fossil fuels, produced from several edible and non-edible oils sources via transesterification reaction [1] . Moreover, the esterification reaction is an essential step in the production of biodiesel from waste oils and greases, usually containing high free fatty acid (FFA) contents. In these processes, homogeneous or heterogeneous catalysts must be utilized for the production of biodiesel [2] .
In recent years, heterogeneous catalysts have attracted considerable attention due to the problems associated with homogeneous catalysts. Heterogeneous catalysts have numerous advantages, such as simple separation from the product, less sensitivity to FFA, ability to be recycled several times, and being environmentally friendly, waste-free, non-corrosive, and non-toxic. The heterogeneous catalysts are categorized into solid acid, solid base, and enzymatic catalysts [3] . Enzymatic catalysts take a longer time for the conversion of feedstock to biodiesel. Although solid acid catalysts have lower activities than those on solid bases, they have higher stability and can, therefore, be utilized for feedstock with large amounts of FFAs [4] .
From among the solid acid catalysts, alumina and zirconia have been found to be exceptional super-catalysts for various organic transformations due to their high chemical corrosion resistance and thermal stability [5] . Moreover, researchers have reported that sulfate ions are an attractive group for the improvement of the acidity and activity of the catalysts. Therefore, several studies have been conducted on sulfated zirconia (SZ) for the production of biodiesel [6] [7] [8] . However, SZ is easily deactivated by losing sulfur groups [9, 10] . Although some researchers have reported that supporting SZ by transition metals can substantially enhance the performance of the catalyst, serious concerns still remain about its long-term stability and/or regenerability [11, 12] .
In recent years, alumina as another active and stable catalyst has been reinforced on SZ, and sulfated zirconia alumina (SZA) has been utilized for reactions such as the isomerization of n-butane [13, 14] . However, few studies have been conducted on SZA activity in the production of biodiesel. Yee et al. [15] performed extensive studies on SZA for the transesterification of palm oil with methanol into fatty acid methyl ester (FAME) in which an 83.3% yield was obtained. In another study, they also optimized the preparation conditions of SZA such as calcination temperature and time [16, 17] . Furthermore, the effect of calcination temperature and optimum amount of Al on the SZ used in esterification and transesterification reactions was evaluated in our previous works [11, 18] . In all these studies, SZA was prepared using the solvent-free method (SFM), which is a mechanical procedure for the synthesis of catalysts. It is thus concluded that SFM is not a proper method for catalyst production since it leaves large amounts of sulfate ions in the product mixture and possesses low reusability characteristics.
Several methods such as milling [19] , liquid precursor methods, hydrothermal, precipitation, impregnation and sol-gel [20] [21] [22] , and solution combustion method (SCM) [23, 24] have been reported for the preparation of nano-materials. However, all these techniques, except for SCM, either require high temperatures or long processing times. On the other hand, SCM is an appropriate route in terms of energy consumption, production rate, processing cost, and time-saving. SCM is a simple method in which a solution containing salts of the desired metals (usually nitrates) and fuel (commonly urea) is continuously heated to start the combustion reaction. The synthesized powder commonly has a large surface area due to the resale of large amounts of smoke during the combustion process.
Based on the reported advantages of SZA nanocatalyst and combustion method, some catalysts containing Zr/ Al-mixed oxides were prepared using the SCM method in which the proportion of Al to Zr (molar ratios) was used. Moreover, the effect of fuel-to-oxidizer ratio as an important parameter in the SCM was investigated for the fabrication of high-crystalline powder along with calcination temperature for the assessment of the quality of combustion route to decompose raw materials. Finally, the best nanocatalyst synthesized via SCM at the optimized conditions was impregnated by sulfuric acid at different concentrations. In all steps, the activity of samples was evaluated by the esterification reaction of oleic acid (OA) with methanol, and the stability of the sample with the highest activity was assessed.
Experimental procedures

Preparation of zirconia-alumina nanocatalysts
For the synthesis of the zirconia-alumina nanocatalyst via SCM, microwave irradiation was utilized as the heating source due to its advantages such as reaction rate acceleration, generation of heat within the material, uniform distribution of heat, localized heating, and molecular agitation. To synthesize Zr/ Al-catalysts via MCM, ZrO(NO 3 ) 2 ·6H 2 O and Al(NO 3 ) 3 ·9H 2 O with different molar ratios of Al 2 O 3 to ZrO 2 (0.5, 1, 1.5, 2, 2.5, and 3) were dissolved in distilled water and then heated on a hot plate at 80 °C. After that, a desirable amount of urea, calculated based on the total oxidizing and reducing valences of the components for obtaining the fuel-to-oxidizer ratio, was added to the solution. The valences of the components were chosen as directed by Manikandan et al. [25] . Therefore, the oxidizing and the reducing valences of aluminum nitrate nonahydrate, zirconyl nitrate hexahydrate, and urea were obtained as − 15, − 10, and + 6, respectively. The corresponding chemical reaction of metal nitrates and urea is shown below:
After preparation of the clear gel, it was heated in a microwave oven (Daewoo, Model No. KOC9N2TB, microwave 900 W, and microwave frequency 2.45 GHz) at high power for 10 min. After evaporation of the remaining moisture, a high amount of smoke was released. At the point of spontaneous combustion, the exothermic reaction occurred and a white foamy catalyst was produced. The samples were labeled as ZA-0.5, ZA-1, ZA-1.5, ZA-2, ZA-2.5 and ZA-3, corresponding to the Al/Zr ratios of 0.5, 1, 1.5, 2, 2.5 and 3, respectively.
To assess the effect of fuel amount on the combustion reaction temperature and duration, the amount of fuel was changed on two levels as a lean and rich fuel. The possible combustion reaction which could occur for ZA-2 is shown as follows:
The post-thermal treatment was used to ensure the complete decomposition of precursors to their oxides. For this purpose, the best catalyst synthesized from previous steps was calcined at different temperatures (400, 500, 600, 700, and 900 °C), respectively, labeled as ZA-2-400, ZA-2-500, ZA-2-600, ZA-2-700, and ZA-2-900. Figure 1 depicts the zirconia-alumina nanocatalyst fabrication methodology.
Preparation of zirconia-alumina supported by sulfate groups
The nanocatalyst obtained from the aforementioned procedure was then impregnated using different amounts of sulfate groups. To this end, 1 g of ZA-2 as the best nanocatalyst was refluxed by 10 mL of H 2 SO 4 with different molarities (0.5, 1, and 2 M) at 80 °C for 2 h. Then the slurry mixture was dried in an oven at 110 °C overnight and calcined in air at 550 °C for 4 h to obtain the proper catalyst, as shown in Fig. 2 .
Catalyst characterization
Phase identification and crystalline size of samples were determined by X-ray powder diffraction (UNISANTIS/ XMP 300) using Cu K α radiation at 45 kV and 80 mA, over a 2θ range from 20° to 70°. The specific surface area, mesoporous volume and mean pore size were determined by N 2 adsorption-desorption at − 196 °C using Belsorp mini II (BelJapan) system, and the evaluations were made using the BET (Brunauer-Emmett-Teller) and the BJH (Barrett-Joyner-Hollander) methods, respectively. The stretching mode frequencies of the synthesized catalysts were evaluated by Fourier-transform infrared (FTIR) technique which is used to obtain an infrared spectrum of the absorption of a catalyst in the range of 400-4000 cm −1 , using AVATAR 370 (Thermo Nicolet) spectrometer. The morphology and composition of the calcined catalysts at different temperatures were examined by scanning electron microscopy (SEM, LEO 1450 VP, Germany). The SEM was used in conjunction with energy-dispersive spectroscopy (EDS) to examine the purity and elemental composition of the final product. Transmission electron microscopy (TEM, Leo 912 AB, Germany) was also employed to access the particle distribution of the impregnated catalyst by sulfate groups. 
Esterification reaction
In this study, the activity of the catalysts was investigated by means of the esterification of OA as free fatty acid with methanol. Esterification reactions were performed under batch reaction conditions using an 80-mL stainless steel reactor with a thermometer (Type K) and a barometer. The reaction was performed at 150° for the catalysts without sulfate groups due to their lower activity and at lower temperatures for sulfated catalyst [10, 11] . The other conditions were set as 9 molar ratio of fatty acid to methanol, 4 h reaction time, and 3 weight percent (wt%) of the catalyst. After the reaction and separation of the ester layer, the conversion was obtained via the standard titration method using potassium hydroxide in accordance with the reduction of the acid index of OA after the reaction.
Results and discussion
Effect of Al/Zr ratios on the properties and activity of zirconia-alumina catalyst
The XRD patterns of the samples with different Al/Zr ratios are illustrated in Fig. 3 The stable alpha phase of alumina and the monoclinic phase of zirconia were formed at a higher temperature, confirming that the combustion reaction is highly exothermic [26, 27] . According to Fig. 3a , some monoclinic phases of zirconia were formed from the transition of tetragonal to monoclinic phases since the reaction temperature was not high during the preparation of ZA-0.5. It has also been earlier concluded that a lower enthalpy of zirconia formation as compared to alumina causes a lower adiabatic flame temperature which prevents the transformation of all gamma-alumina to alpha phases. Therefore, the diffraction peak of gamma-alumina was observed in the ZA-0.5 pattern. Phase transformations in the crystallization sequence of alumina and in connection with the process temperature are as follows: bayerite → boehmite → γ-alumina → δ-alumina → θ-alumina → α-alumina [28] .
The ZA composite (Fig. 3b ) demonstrated a less crystal structure due to the incomplete combustion process.
Many researchers have utilized thermal annealing (i.e., over 1000 °C) or excess fuel for the synthesis of the crystalline structure of the ZA composite [29] . The crystalline structure of alumina and zirconia was primarily arranged for higher loading of alumina, as depicted in Fig. 3c . It may be for the high combustion enthalpy of aluminum nitrate which enhances the temperature of reaction during combustion. Furthermore, the zirconia phase retained its tetragonal forms for all samples with Al/Zr ratios greater than 1. It can also be concluded that, with increasing the amount of alumina to twice the amount of stoichiometric ratio (ZA-2), the highcrystalline phases of α-Al 2 O 3 and t-ZrO 2 with relatively extended peaks would be observed. Moreover, the peaks become narrower and sharper with the increase of alumina cations. Figure 3f demonstrates that the increase in alumina cations resulted in the formation of alumina phases (i.e., gamma, theta, and alpha), probably due to the poor distribution of heat during the preparation of the catalyst. Scherer's equation was used to calculate the crystallite size of the samples as listed in Table 1 . The samples fabricated at Zr/Al ratios greater than 1 presented a similar crystalline size, whereas the ZA-2 nanocatalyst exhibited almost the lowest zirconia and alumina crystals size. Researchers have reported the effect of crystallite size on the performance of the catalyst in the biodiesel production process [30] [31] [32] .
The results of BET analysis and activity are also shown in Table 1 . The results illustrate that the highest surface area providing a higher active site for the reactant interaction belongs to ZA-2. The ZA-2 nanocatalyst was able to convert 79.2% of OA into its methyl ester. Figure 4 displays the XRD patterns of synthesized ZA-2 for fuel to oxidizer ratios (F/O) of 0.5, 1, and 1.5, labeled as ZA-2L, ZA-2, and ZA-2R, respectively. Fuels must exhibit the following characteristics: ability to participate as a reduction agent and ability to act as a source of energy in the SCM. Therefore, for the F/O ratio of 0.5 (Fig. 4a) , the low temperature of the catalyst synthesis medium resulted by the incomplete combustion reaction led to no peaks for zirconia, and alpha-alumina was detected [24, 33] .
Effect of F/O ratios on the properties and activity of zirconia-alumina catalyst
Increasing the F/O ratio from 0.5 to 1.0 resulted in the increase of reaction temperature and duration, thereby causing the formation of zirconia and alpha-alumina. Since the key elements in urea are C and H, the higher amounts of fuel will reinforce the reduction in the potential of the solution and the main oxide peaks' changes from the gamma and theta of alumina to the alpha phases (Fig. 4b) [34] . Figure 4c also demonstrates an increase in the intensity of α-alumina and t-ZrO 2 when an excess amount of fuel was used [35, 36] .
Based on Scherer's equation (see Table 1 ), an increase in the F/O ratio from 1 to 1.5 resulted in the increase of the crystallite size of alumina and t-ZrO 2 . This can be related to the increase in combustion temperature and duration during the synthesis of the catalyst that caused an increase in the crystallite size of the zirconia-alumina nanocatalyst [33, 37] . Figure 5 demonstrates the FTIR spectra of ZA-2 for different amounts of F/O ratios. Figure 5a exhibits a broad band between 400 and 750 cm −1 , corresponding to the vibrational frequencies of O-Al-O related to γ-alumina [11, 38] . Furthermore, the band at 828 cm −1 corresponds to Al-O bonds resulting from the stretching of AlO 4 [29] . The ZA-2 nanocatalyst demonstrates only α-Al 2 O 3 due to the increase of the temperature during the preparation [5, 38] . An identical spectrum in the range of 400-800 cm −1 was also observed for F/O ratios greater than 1. This is consistent with the fact that only octahedral Al atoms are present for the corundum structure, a result in good agreement with XRD patterns. It was also observed that the stretching vibration at 440 cm −1 and a weak band at 506 cm −1 correspond to the Zr-O vibration [26] . Furthermore, the zirconia band also appeared in the 420 cm −1 for ZA-2R which is an indication of the formation of more crystalline Zr-O-Zr bands [39] . Moreover, the weak bands at 520 and 545 cm −1 are attributed to Zr-O stretching modes [27, 40] . Figure 5 also demonstrates the stretching vibration and bending mode of O-H at about 3450 and 1643 cm −1 [41] . The intensity of the O-H band in the samples illustrates that the ZA-2 has less tendency to adsorb water. Furthermore, some absorption peaks for the stretching vibration of OH in the range of 3000-3600 cm −1 for Zr-2R and Zr-2L were also observed, corresponding to the stretching vibration of Al-OH. The bands in the vicinity of 1040, 1166 (bending vibration), and 1385 cm −1 (stretching vibration) also corresponded to Al-O-H groups [42, 43] . The results show that ZA-2 only shows a thin bond at 1385 cm −1 which corresponds to its lower hydrophobicity properties. Moreover, only ZA-2 did not show peaks at 1508 and 2340 cm −1 corresponding to nitrate and carbonate, which is responsible for its suitability for biomedical applications [44] .
The results of esterification reaction (see Table 1 ) revealed that the activity of the ZA-2L catalyst in the esterification reaction was very low (only 43.7% of OA was converted to its methyl ester) due to its amorphous structure and inadequate distribution of zirconia on the surface of the catalyst. On the other hand, it was observed that activity decreased for the ZA-2R compared to ZA-2, and the yield of 65.4% was obtained.
Effect of calcination temperature on the properties and activity of zirconia-alumina catalyst
After selecting the ZA-2 nanocatalyst as the best catalyst for the esterification reaction due to its high surface area, high crystallinity, low crystalline size, and higher activity, it was calcined at 400, 500, 600, 700, and 900 °C. The postthermal treatment can give information about the combustion reaction. The samples were, respectively, converted 77.1%, 77.3%, 77.6%, 79.0%, and 80.2% of OA to methyl oleate under the reaction conditions. The results indicated that the calcination temperature has a minor effect on the activity of the catalyst due to the little influence of calcination on the decomposition of unreacted precursors and/ or transformation of crystals into active phases. It can be clearly concluded that the MCM is an appropriate route for the production of mesoporous powders with high crystallinity and surface area, whereas no further thermal treatment is required. Figure 6 shows the SEM images of ZA-2, ZA-2-400, and ZA-2-900 catalysts. The samples have porous structures with large diameters due to huge exhausted gases during catalyst synthesis by the combustion method. The SEM image of nanocatalysts with high magnification shows that the obtained nanocatalysts have porous structures with highly uniform porosity in size and shape, such that the porosity is most uniform in the ZA-2-400 sample. With an increase in the calcination temperature to 900 °C, some zirconia crystals egress from the alumina-zirconia structure and uniformly disperse on the surface of the nanocatalyst, with particle sizes in the range of about 40-90 nm. This causes a small increase in the yield of the esterification reaction when the ZA-2-900 nanocatalyst is employed. Although there were negligible changes in the morphology of samples by increasing the calcination temperature, their activity did not significantly change, a result proving that MCM is an appropriate method for the preparation of nanocatalyst without a requirement for further thermal treatment. Therefore, the ZA-2 nanocatalyst has the best properties as either a catalyst or a support for the production of biodiesel. 
Effect of sulfate contents on the properties and activity of zirconia-alumina catalyst
The effect of sulfate concentration has been studied by the addition of 10 cc of H 2 SO 4 with different molarities (0.5, 1, and 2 M) to 1 g of ZA-2. The activity of the sulfated catalyst was evaluated at different reaction temperatures (65, 90, 120, and 150 °C). Figure 7 shows the effect of temperature on conversion at the constant concentration of H 2 SO 4 . There was a steady increase in the conversion up to the maximum temperature of 120 °C, after which this increase remained constant. It is reported in the literature that an increase in temperature would accelerate the reaction rate, resulting in a significant increase in conversion efficiency [11] . Figure 7 also demonstrates that, when the concentration of H 2 SO 4 was increased from 0.5 to 1 M, the conversion of OA sharply increased at lower temperatures (i.e., 65 and 90 °C) due to the enhancement of the number of active sites, while the increase of yield was not noticeable at higher temperatures (over 90 °C). The nitrogen adsorption-desorption isotherms and pore size distribution of ZA-2 and 1S-ZA-2 nanocatalysts are illustrated in Fig. 8 . Both samples show a characteristic type IV related to mesoporous materials [11] . Moreover, the hysteresis loops of the catalysts, which provide specific information about catalysts porosity, showed the H2 type usually related to mesoporous samples of complex structure, whereas H3 type hysteresis was observed for the 1S-ZA-2 nanocatalyst corresponding to the plate-like particles with slit-shaped pores [33, 41] . The pore size distribution of the samples as illustrated inside the nitrogen adsorption-desorption isotherms demonstrated insignificant changes in pore size with sulfate group loading. The catalysts presented pore diameters greater than 2 nm, classifying them as mesoporous materials [23] . Based on the BET analysis, the surface area was increased from 14.35 to 32.67 m 2 g −1 by sulfate group loading. It is worth noting that as the mean pore diameter was slightly decreased from 4.9 to 4.5 nm, the pore volume increased to 0.123 cm 3 g −1 . The SEM, TEM, and EDS images of 1S-ZA-2 are demonstrated in Fig. 9 . The SEM image (Fig. 9a) illustrates that the porous structure of the 1S-ZA-2 had the tendency to form aggregates, since porosity plays an important role in the enhancement of the available active sites. The TEM image in Fig. 9b indicates that the particle size of the 1S-ZA-2 is about 50 nm and has a smooth surface as a result of modification. Furthermore, Fig. 9c exhibits the EDS spectrum of the 1S-ZA-2 and shows the presence of sulfur, aluminum, zirconium, and oxygen, while no trace of contaminated elements was observed.
Reusability of ZA-2 and 1S-ZA-2 nanocatalysts
The reusability of the 1S-ZA-2 nanocatalyst and its support (ZA-2) was evaluated as shown in Fig. 10 . The catalysts were washed twice with methanol after each run, dried at 110 °C overnight, and then used. The ZA-2 and 1S-ZA-2 nanocatalysts were tested in the reaction temperatures of 90 °C. It can be clearly observed that the activity of ZA-2 nanocatalyst was maintained constant with nine uses, confirming the stability of zirconia-alumina as a support for industrial usage. In addition, the 1S-ZA-2 nanocatalyst showed a slight reduction in the conversion due to the leaching of sulfate groups on the product mixture. However, the catalytic activity of samples was maintained constant after five uses, demonstrating that the remaining sulfate groups have a strong bond with the surface of the support, and structure and morphology did not seem to change after several uses. This proves the high stability of ZA-2 and 1S-ZA-2 nanocatalysts for several uses in the esterification reaction, making them excellent catalysts for industrial applications.
Comparison with the literatures
Coutinho et al. [45] reported that the ZnO-Al 2 O 3 synthesized by SCM can convert 5% of OA to its ester at 160 °C, 4 molar ratios of methanol to FFA, and 5 wt% of the catalyst, at the reaction time of 1 h. In other studies, sulfated alumina prepared by sol-gel method was examined in the esterification of OA and the yield of 40% was obtained under operating conditions of 90 °C, 10 molar ratios of ethanol to FFA, 5 wt% of the catalyst, and a reaction time of 6 h [46] . Some researchers studied sulfated titania and silica synthesized by impregnation and sol-gel methods [47, 48] . They evaluated the esterification of OA which resulted in a yield of 82.2% (with the operating conditions of 80 °C, 10 molar ratios of methanol to FFA, 2 wt% of the catalyst, and the reaction period of 3 h) and 95% (120 °C, 20 molar ratios of methanol to FFA, 10 wt% of the catalyst, and the reaction period of 5 h), respectively. SO 4 2− /Sr-Fe oxide (20 mL of 2 M H 2 SO 4 per g of composite) was converted around 97% of OA to ester at the conditions of 100 °C, 10 wt% of catalyst, 4 molar ratio of methanol to oleic acid, and the reaction time of 2 h [49] .
The findings of this study revealed that the prepared catalyst possessed a high activity at low esterification reaction temperatures. Furthermore, the procedure employed for catalyst preparation (i.e., MCM) was more efficient and less time consuming than those reported in the literature. The fabricated catalyst has favorable properties such as high surface area, pore diameter, and activity.
Conclusion
In the present study, mesoporous zirconia-alumina nanocatalyst was prepared using a simple eco-friendly MCM, and catalyst preparation conditions such as Al/Zr and F/O ratios were examined. The results revealed that the stoichiometric amount of alumina-to-zirconia exhibited an amorphous structure, while for the ratios greater than 1, its crystalline structures substantially increased. It was also concluded that the ZA-2 exhibited the highest surface area and the smallest crystallite size. Furthermore, the enhancement of F/O ratio resulted in an increase in the crystallite size and reduced the Conversion (%)
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Reusability of ZA-2 and 1S-ZA-2 nanocatalyst examined at the reaction conditions of 90 °C, 9 molar ratio of methanol/oleic acid, 3 wt% of catalyst and reaction time of 4 h activity accordingly. It was also discovered that calcination did not have any effect on the activity and morphology of the ZA-2 nanocatalyst. The sample showed high reusability for industrial application without any reduction in the activity. It was then modified by attaching a sulfate group to it to improve the acidic properties for the esterification of OA. The results revealed that the ZA-2 nanocatalyst supported by 1 M of H 2 SO 4 converted over 91% of OA to its ester at the optimized operating conditions of 90 °C, 3 wt% of the catalyst, and the methanol/OA molar ratio of 9. Finally, the synthesis process was a more economically favorable, environmentally friendly, and efficient method when compared with the methods cited in the literature.
